Abstract-Recently, researches on a control of flexible manipulators have been increasing in attention in the field of master-slave system. The master-slave system is a control system to operate a manipulator for objects in a remote environment. In order to suppress the influence due to the elasticity of flexible manipulators, it is necessary to consider a vibration control for flexible master-slave manipulators and the passivity. Thus, we propose a modified symmetric bilateral controller considered derivative terms and a shearing-force feedback for the purpose of positioning operation. This paper is organized in the following way : First, we introduce mechanical models of manipulators by applying Hamilton's principle to energies of the system. Second, we propose modified symmetric bilateral controller based on passivity in case of positioning operation. Lastly, The results of simulations are given in order to verify the validity of this method.
I. INTRODUCTION
Researches on the master-slave system has been proceeding in which a human operator operate a manipulator for an object in a remote environment. A representative samples of use on the master-slave manipulators are in extreme environments, such as in nuclear power plants, outer space, disaster sites, and so on [1] . Recent studies on the master-slave system have been increasing in attention to the stability based on controllability and passivity with the response of positioning and forced control, and passivity in case that time delay exist. As the reason, when asymptotical stability of the master-slave system is discussed, it is necessary to consider the issues including external models, such as human and environments. On the other hand, in relation to the stability based on passivity, the discussion can be facilitated by focusing the input/output of system excluding external environment when a behavior of external environments is passive.
For instance, in relation to controllability and passivity, Yokokohji and colleagues have realized ideal response of positioning and forced control using intervention impedance in case of different structures, and proposing the quantitative evaluation method of the controllability for the purpose of feeling reality as if the operator is treating the subject directly [2] [3] . Furthermore, they have proved a stability based on the passivity from a maximum singular value of scattering matrix by transforming control system that can be realized ideal response into two-terminal port network representation [4] [5] . In addition, Kosuge et al. have proposed control system that can be realized free scaling of position (or velocity) and force in case of different structures, and proving a stability of the system for the scaling factor based on passivity so as to constitute an operational assist system from a viewpoint of operation efficiency and maneuverability [10] On the other hand, in relation to passivity for time-delay, Anderson and Spong have focused on communication part of master-slave system and, proving that communication part becomes passive regardless of time-delay by using scattering transformation [6] [7] [8] . In contrast, Kosuge et al. have proposed the scaling method that can stably realize power scaling in time-delayed-master-slave system based on passivity [9] Furthermore, Spong et al. have proved the passivity of master-slave system that has timedelay by calculating of Lyapunov's function and Parseval's equation [11] .
In this paper we propose a modified symmetric bilateral controller considered derivative terms and a shearing-force feedback for the purpose of performing the positioning operation in case of 1DOF FMSM(One Degree Of Freedom Flexible Master-Slave Manipulators) that consists of distributed parameter system. The results of numerical simulations are given in order to verify the validity of proposed method.
II. DISTRIBUTED PARAMETER MODEL

A. Derivation of Equations of Motion
1DOF master-slave manipulators with elasticity that rotate on the horizontal plain are considerd as shown in Fig. 1 and Fig. 2 . The master manipulator is assumed to be a rigid arm. the slave manipulator is assumed to be a long arm that causes elastic deformation and, assuming that first resonance frequency is dominant. The slave arm is assumed that a human operator handle the master one while watching the movement of the slave one. Here the communication time lag is assumed not to exist in this system. First, a total kinetic energy T and a potential energy U are given by
where T m is a rotational kinetic energy of the master manipulator, T s−motor is a rotational kinetic energy of the slave motor, T s−arm is a translational kinetic energy of the slave arm, T s−tip is a translation kinetic energy of the tip of the slave arm, and U is a bending strain energy of the slave manipulator. P r (t) is a coordinate of the point (x r (t), y r (t)) of the link.
is a coordinate of the tip of the slave arm (r = L), (˙) and ( ) denote a time derivative and a derivative with respect to the spatial variable r, respectively. J m is a inertia moment of the rotor of motor and a link of the master arm, θ m (t) is a rotation angle of master motor. The motor actuating the slave arm has the moment of inertia J s around the shaft of the rotor, whose length is L, having uniform mass density ρ per unit length and uniform bending rigidity EI, is fixed at the rotor of the motor. θ s (t) is the rotational angle of the slave arm, w(t, r) is a bending displacement at time t and at a spatial point
A virtual work δW depending on external torques is given by
where L δw L (t). Next, in accordance with Hamilton's principle, the equations of motion are derived as follows:
Equation of rotational motion of the master motor:
Equation of rotational motion of the slave motor:
Equation of the bending vibration of the slave arm:
Equation of the boundary condition of the slave arm:
where b m is a coefficient of viscosity of the master motor, τ m (t) are a torque generated by the master motor, τ h (t) is a torque applied by the human operator. b s is a coefficient of viscosity of the slave motor, m p is a mass placed at the tip of the slave arm, τ s (t) is a torque generated by the slave motor, ζ is an internal damping coefficient of the slave arm, τ e (t) is a reflective torque received from an environment at the base of the slave arm, w 0 (t) = w(t, 0). Especially, substituting Eqs. (10) and (11) for the equation of the rotational motion of the slave motor Eq. (9), it can be expressed using the bending moment EIw 0 (t) as follows:
III. PROPOSAL OF CONTROLLER AND LYAPNOV'S FUNCTION
A. Modified Symmetric Bilateral Controller
We propose modified symmetric bilateral controller as given below, being conscious of the structure so that the differentiation of the Lyapnov's function described in next section becomes vector product of input and output.
where
are derivative gains, and k s s (≥ 0) is a gain of the shearing-force feedback. Depending on the adjusting gain parameters above, control methods can be divided into some cases as shown in Table I in next section.
B. Lyapnov's Function Candidate
We consider a positioning operation in the event of noncontact between the slave arm and any environment (τ e (t) = 0). It is controled variables that the angle of the master θ m (t) and the angle of the slave θ s (t) follow up same a desired angle θ d in steady state. First, consider the following Lyapnov's function as candidate.
where k 1 k 2 k 3 and k 4 are positive constants, and
is a desired angular velocity. Thus, state x(t) is expressed as
The 1st term in the right side of Eq.(16) represents the energy of the master arm weighted by k 1 . The 2nd term represents the energy of the slave arm weighted by k 2 . The 3rd term represents the virtual energy of proportional control weighted by k 3 . The 4th and the 5th terms represent the virtual energy of differential control weighted by k 4 . The last term represents modified energy weighted by k 4 . It is evident that plus signs of constants k 1 k 2 k 3 , and k 4 in Eq.(16) guarantee V (x(t)) ≥ 0. Furthermore, the global minimum of V (x(t)) is given by desired state
Next, if Eq. (16) is differentiated by t while using Eq.(8) and Eqs.(10) ∼ (13), we have
where due to Eq. (11) and τ e (t) = 0, 
IV. PASSIVITY IN POSITIONING OPERATION
In this section we consider about each case in Table I . In Case 1 and Case 2, although a shearing-force feedback is used for suppression of elastic vibration in the slave, positioning operation only is considered. The reason is impossibility of pushing operation ultimately because the shearing-force feedback gives a denial to elastic deformation occurring from pushing operation when its operation is carried out by using shearing-force feedback to environments. Accordingly, shearing-force feedback cannot be applied as a controller in pushing operation. On the other hand, in Case 3 and Case 4, the positioning operation is possible because shearing-force feedback isn't appleid. In addition, the signs of derivative terms of Eqs. (14) and (15) are able to be chosen as plus or minus. The maneuverability of the manipulators becomes light in case of chosen upper signs, and it becomes heavy in case of chosen lower signs, conceivably.
Case 1) PDSF Controller
By substituting Eq. (14) and (15) into Eq.(19), and setting each controller gain as follows:
Here, −EIw L (t)L has the minus sign because the positive direction of the angular velocityθ s (t) in the slave arm and the one of elastic displacement w L (t) on tip of the arm are opposite directions. Therefore, if apparent direction of input/output is performed to the same, we define
Thus, Eq.(27) is expressed as
The above equation shows that the differentiation of Lyapnov's function is expressed by the external torque as the product of the tow-dimensional vector
T and angular velocity of the tow-dimensional vector
Assuming that external torques are inputs, as well as weighted angular velocities are outputs, passivity of the input/output of the system is proven as follows:
where γ is a positive constant. Namely, the system is passive based on each controller gain when the PDSF control is used as bilateral controller.
Case 2) PSF Controller
By substituting Eqs. (14) and (15) 
Eq.(19) is given as
The above equation shows that the differentiation of Lyapnov's function is expressed by the external torque as the product of the tow-dimensional vector [τ h (t) τ L (t)] T and the angular velocity of the tow-dimensional vector [k 1θm (t) (1+k s s )k 2θs (t)]. Assuming that external torques are inputs, as well as weighted angular velocities are outputs, passivity of the input/output of the system is proven as follows:
Namely, the system is passive based on each controller gain when the PSF control is used as bilateral controller.
Case 3) PD Controller
(36) Consequently, the accomplishment of passivity is axiomatic in accordance with previous discussion.
Case 4) P Controller
Consequently, the accomplishment of passivity is axiomatic in accordance with previous discussion. From mentioned above, the passivity of system in case of the positioning operation is proven when modified symmetric bilateral controller is applied to 1DOF FMSM. This result shows that the system using modified symmetric bilateral controller is passive even if the slave arm has elasticity.
V. NUMERICAL SIMULATIONS
A. Conditions of Verification
Taking as an example the positioning operation using 1DOF FMSM based on modified symmetric bilateral controller (blow, proposed controller). Here, Talbe II shows physical parameters, and Table III shows design parameters. f 1 f 2 , and f 3 are the 1st, 2nd, and 3rd resonance frequencies of the slave arm, respectively. In addition, Matlab2007b/Simulink is used for numerical simulations at a sampling time in fixed steps of 1.0[msec]. In the proposed controller Eqs. (14) and (15) , if the sign of derivative terms is selected upper one, the controller is called Controller A, and if the sign selecting lower one, the controller is called Controller B.
In each case, k 1 ∼ k 3 are set so that proportional gains k T , the minimum value of Lyapnov's function in each case is calculated from Eq. (16) as shown in Table IV . Furthermore, operational torque τ h (t) needs the assumption that it is a passive and a linear model. Then, taking as an example a simple and a damped model τ h (t) = −b mθm (t) to the system. Additionally, the feedback gain of shearing force is set as k s s = 3 in order to varify the effectiveness in Case 1 and Case 2.
By the way, in Case 1 and Case 2, it is generally difficult to observe the shearing force EIw L (t) directly. Thus, the bending moment EIw 0 (t) is used easily instead of shearing force EIw L (t). The equivalence above is also given by integrating Eq.(10) by r.
By performing numerical simulations under the setting based on the conditions above, as the results, time responses in each case are shown in subsection C. Moreover, only Controller B is evaluated because the difference between the both do not appear practically. 
B. Passivity of the System
Time responses and minimum values (Table IV) of Lyapnov's function (Eq. (16)) that expresses energy variations are shown in Fig. 3 . According to Fig. 3 , it is found that Lyapnov's function is bigger than the minimum values in any cases. The above results are in accordance with the definition described by [17] as follows: (Definition) If integration of input/output product of the system in time interval [0, t] is equal to a sum of incremental energies charged inside the system in time interval [0, t] and energies consumed in the meantime, and are more than the negative energies at t=0, then the system is passive.
As shown in Fig.3 (a) and (b), although energy variations follow up minimum values, steady-state errors exist. This steady-state errors express consumed energies in the slave, the energy damped inside the link of the slave arm, in accordance with the definition above.
C. Simulational Results of the Verification in Positioning Operation
Regarding cases of Table III , time responses of numerical simulations using Controller B are shown in Fig. 4 ∼ 7 . In each case, (a) denotes time responses of the operational torque τ h (t), the opposite direction torque τ e (t), and the bending moment EIw 0 (t), (b) denotes control input τ m (t) and τ s (t), (c) denotes time responses of angles θ m (t) and θ s (t), (d) denotes time responses of angular velocitieṡ θ m (t) andθ s (t), (e) denotes steady-state responses of angles of (c), and (f) is the time responses of elastic displacement of the tip in the slave arm w L (t). Lyapunov function All results above confirms that proposed controller satisfy with desired state in any cases in the positioning operation using for 1DOF FMSM, satisfying with the passivity of system.
VI. CONCLUSION
In this paper, we proposed a modified symmetric bilateral controller considered derivative terms and shearingforce feedback in case of 1DOF FMSM that consists of distributed parameter system in the positioning operation, and discussed on the passivity of system and its design method while adjusting parameters under the passivity. In addition, we verified relationship between the energy of system and the passivity, and the controllabilty by perfoming numerical simulations, and confirmed the validity of proposed controller. In the future, a discussion from the viewpoint of transparency based on passivity, passivity to time delay are mentioned. [rad]
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